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Abstract
?In the recent plasma wakefield accelerator experiments
at SLAC, the energy of the particles in the tail of the 42
GeV electron beam were doubled in less than one meter
[1]. Simulations suggest that the acceleration length was
limited by a new phenomenon – beam head erosion in
self-ionized plasmas. In vacuum, a particle beam expands
transversely in a distance given by ?*. In the blowout
regime of a plasma wakefield [2], the majority of the
beam is focused by the ion channel, while the beam head
slowly spreads since it takes a finite time for the ion
channel to form. It is observed that in self-ionized
plasmas, the head spreading is exacerbated compared to
that in pre-ionized plasmas, causing the ionization front to
move backward (erode). A simple theoretical model is
used to estimate the upper limit of the erosion rate for a
bi-gaussian beam by assuming free expansion of the beam
head before the ionization front. Comparison with
simulations suggests that half this maximum value can
serve as an estimate for the erosion rate. Critical
parameters to the erosion rate are discussed.
INTRODUCTION
In current frontier of the plasma wakefield accelerator
(PWFA) [3] experiments, the plasmas are generated via
field-ionization of neutral gases by the particle beam
space charge (self-ionized). This self-ionized regime has
made meter-long, high-density ( > 1016cm?3) plasma
sources possible, which is desirable by future afterburner
designs [4]. In the recent years, the energy gain achieved
in the experiments has been increased from a few GeV to
~40 GeV by lengthening the plasma source (from ~10cm
to ~90cm) [1,5,6]. However, the increasing trend stopped
beyond ~100cm for these parameters in the most recent
experiment [1]. Detailed Particle in Cell (PIC) simulations
modeling these experiments suggest that a new
phenomena – beam head erosion in self-ionized plasmas -
is the major factor that limited further energy gain.
RECESSION OF THE IONIZATION
FRONT -- SIMULATION OBSERVATIONS
Some properties of the self-ionized regime (e.g. wake
excitation and hosing instability) have been previously
studied using PIC simulations [7,8,9]. Here we use a
novel 3D quasi-static PIC code, QuickPIC [10] to study
the head erosion. QuickPIC is fully relativistic, fully
nonlinear and fully parallelized. It models the field-
ionization process using the ADK model [11,12] and the
energy loss effects from synchrotron radiation through an
effective drag force [13].
After a systematic parameter scan (i.e. varying the
beam charge/emittance/size and plasma density etc. in a
large range), it is observed that the wake front erodes back
faster in a self-ionized plasma than in a pre-ionized
plasma in otherwise identical conditions. Here, the wake
front is defined as the ionization front in a self-ionized
case and the perturbation front (e.g. 3% of plasma
electron density drop) in a pre-ionized case.
Figure 1 is an example showing the beam/wake erosion.
In this simulation, there are 1.8?1010  electrons in the 28.5
GeV beam. The beam is bi-gaussian with ? r = 7μm  and
? z = 45μm , and has a normalized emittance of
15 mm ?mrad . The neutral lithium density is 2?1016cm?3 .
We can see that in the pre-ionized case, the wake front has
barely moved in the 300 centimeter propagation distance
while in the self-ionized case, the wake front has eroded
back so much that at s = 300cm, the beam has become too
dispersed to be seen (in this color table) and is no longer
able to ionize the neutral lithium gas.
A convergence test suggests that resolving the betatron
oscillation is necessary for correctly modeling the erosion
process. In the test, updating the electron beam in a
distance so that there are 10 steps per betatron oscillation
for particles inside the ion channel gives almost identical
erosion results to that of 40 steps per oscillation. While
under-resolving the betatron oscillation (e.g. 2.5 steps per
oscillation) gives spuriously higher erosion rate.
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Figure 1. Beam (top) and plasma (bottom) densities at 3
different locations (s~0cm, 158cm and 300cm along the
plasma) in (a) pre-ionized and (b) self-ionized plasmas
UPPER LIMIT OF THE EROSION RATE
FOR A BI-GAUSSIAN BEAM –
THEORETICAL MODEL
In this section, we estimate the erosion rate in a self-
ionized plasma generated by a bi-gaussian beam using a
simple theoretical model. Figure 2 shows the schematic of
the beam head evolution. Due to the electric field from a
relativistic bi-gaussian beam
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, there is a ‘W’ shaped ionization front. At s = 0, the
ionization front is at A and the ion channel is completely
formed at B. If the beam has a finite emittance, the part
before A will undergo vacuum expansion while that
between A and B will expand at a lower rate. This spot-
size increase will lead to a later ionization front at
location s + ?s. Next, we calculate the head erosion rate,
which is defined as the rate of the moving ionization front
A.
Figure 2. Schematic of the ionization front recession
For simplicity, we assume that at a certain location s,
the part of the beam before the ionization front has freely
expanded just like in vacuum due to its finite emittance
(i.e. ? r (s) =? r0 1+
(s? s0)2
?*2
, where s0  and ? r0 are the
location and spotsize at waist, and ?* is the beam
function ( ?* = ?? r0
2
?n
) . By equaling the ionization
threshold field Eth  and the maximum space charge field
Er  at a certain slice ? ,
Ermax (? ,s) = 10360?
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we can get the location of the ionization front ? ion  as a
function of s, ? ion (s) = ? ion2 (s = s0) ?? z2 ? ln(1+
(s ? s0)2
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)  or
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 (eq. 1)
Figure 3 plots the evolution of ? ion  as a function of
propagation distance s for several different initial
ionization front locations (? i0 ?? ion (s = s0) = 0.5 ~ 4? z). Since
the expansion rate for the beam part between A and B is
actually smaller than the vacuum expansion rate, Equation
1 gives an upper limit for the head erosion rate.
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Figure 3.  Evolution of the ionization front location (in
unit of ? z ahead of beam center)
Figure 3 indicates that the head erosion of a bi-gaussian
beam depends on both the beam ?
*
(2nd term in eq. 1) and
the initial ionization front location (1st term in eq. 1). The
latter depends on the number of electrons in the beam
( N ), the beam size (? r0, ? z ) and the type of the neutral
gas ( Eth ). These are important parameters to monitor in
future afterburner relevant experiments to prevent head
erosion from becoming detrimental. For example, in the
SLAC experiments, this can be overcome by getting rid of
the foil spoiling so as to preserve the beam emittance.
EROSION RATE FOR BI-GAUSSIAN
BEAMS – SIMULATION RESULTS
Simulations are performed to compare with the vacuum
expansion model described in the previous section. In
these simulations, the 28.5 GeV beams have 1.8?1010
electrons and the neutral lithium densities are
2?1016cm?3 . The beam parameters are chosen so that the
initial ionization fronts are located at 1.2, 1.7 and 2.2 ? z
ahead of the beam center respectively (See Table 1).
?r0(μm) ?z(μm)
?n
(mm?mrad) ?*(cm) ?i0(?z)
  (a) 15 45 95 13 1.2
  (b) 7 45 15 18 1.7
  (c) 7 15 55 4.9 2.2
Table 1. Beam parameters for head erosion simulations
Figure 4 plots the measured ionization front location
from simulations (blue dots) comparing with those
calculated from the vacuum expansion model (red line).
In these 3 cases, the upper limit of the erosion rate
given by this simple vacuum expansion model is not far
above that observed in the simulations (approximately
two times larger). This suggests the usefulness of
Equation 1 in estimating the actual erosion rate. An
improved theoretical model is being developed based on a
more systematic study of the erosion rate dependence on
beam/plasma parameters.
CONCLUSION
In PIC simulations of the PWFA, exacerbated beam
head erosion were observed in self-ionized plasmas than
in pre-ionized plasmas. This erosion due to the lack of
focusing at the beam head in a self-ionized plasma
explains the energy gain saturation observed in the recent
energy doubling experiments.  Based on a vacuum
expansion model, Equation 1 gives the location of the
receding ionization front under a largest possible erosion
rate. Comparison with simulations suggests that half this
value could serve as a rough estimate of the actual erosion
rate. Minimizing the beam emittance can slow down the
head erosion process. Other possible solutions such as
using external focusing or partially pre-ionized plasma to
confine the beam head also need to be explored.
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Figure 4. Ionization front location evolution for initial
locations ? i0 at (a) 1.2? z (b) 1.7? z and (c) 2.2? z
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